The Ar-N2 mix gas effect can easily improve the sensitivity of ICPMS; however, this effect discriminates against Sr. In this study, it was found that Ar-N2 mixed gases introduced into nebulizing gas enhanced the sensitivity of online solidphase extraction (SPE) with inductively coupled plasma mass spectrometry (ICPMS) for radioactive strontium quantification. An ultrasonic nebulizer (USN) improved the Ar-N2 mixture gases effect of Sr and the mix gases (with USN) enhanced 3.7-times the signal intensity of Sr in normal pure Ar gas (with USN) in an online SPE-ICPMS. By adapting the gas-loading means from a nebulizing gas unit via USN, no careful tuning was necessary for the plasma turning. With this signal enhancement, a 0.06 pg/L detection limit (0.3 Bq/L) was achieved for radioactive strontium ( 90 Sr) in online SPE-ICPMS within 30 min. In addition, environmental paddle water in the Fukushima Nuclear Power Plant was measured and the valued correspond to that obtained by radiometry.
Introduction
Radioactive 90 Sr, a fission product from uranium that emits high-energy beta rays, is a very important monitoring target. 1, 2 However, quantifying 90 Sr levels by traditional radiometry requires two weeks or more. Therefore, shortening the analytical time and improving the sensitivity of the quantification are strongly desired.
Online solid-phase extraction (SPE) coupled with inductively coupled plasma mass spectrometry (ICPMS) is an automatic sequential analytical technique that can measure trace metallic species with high sensitivity, good repeatability, high-speed data provision, and very simple handling in a very short time. 3, 4 This method is especially well suited for analyzing radionuclides because the coupled system reduces the exposure dose to operators. As a rapid and sensitive method, SPE-ICPMS is expected to replace traditional radiometry in the radioactivity monitoring 5 and decommission 6 of nuclear power plants. Recently, Takagai et al. adopted online SPE-ICPMS into a 90 Sr-selective analytical system 5 that analyzes radionuclides in approximately 15 min. However, radionuclides with short halflives at environmental radioactivity levels have ultra-trace masses, which are difficult to detect by mass spectrometry. For instance, the spectrometric analysis of 90 Sr (with a half-life of only 28.79 years) requires a sub-ppq detection limit (sub-ppq level) in nuclear material control, atomic energy studies, nuclear medicine, environmental radioactivity monitoring, studies of the large-scale circulation of the earth using radio-tracer and other analyses in which 90 Sr exists in trace amounts. The sensitivity of ICP techniques can be enhanced by injecting a gas mixture into the plasma torch. [7] [8] [9] [10] This gas mixture may include two (Ar-H2, [11] [12] [13] [14] Ar-He, 15 Ar-O2, 16 and Ar-N2 13, [16] [17] [18] [19] [20] [21] [22] [23] ) or three (Ar-He-N2) 24 elements, and has been applied in both ICPoptical emission spectroscopy and ICPMS. 16, 21, 23, 25, 26 Moreover, by replacing a part of Ar with the more accessible and less expensive gas N2, we can reduce the consumption of pure Ar while enhancing the analytical sensitivity. However, the mixed gas discriminates elements. In Sr quantification, the sensitivity cannot be improved by employing an Ar-N2 mixture. 22 If the mixed gas could improve the ineffective elements such as Sr, the potential of ICPMS in environmental radioactivity analysis would be expanded.
In a plethora of published reports, gas mixtures in the plasma gas (outer gas) line have enhanced the analytical signal, and thus increased the sensitivity of ICPMS. 11, 21, 22, 26 However, N2 introduction compromises the plasma tuning and volume control, because the former requires pure Ar, and the N2 gas must merge with the Ar gas and be gradually increased to optimize the Ar-to-N2 volume ratio. If the plasma is not carefully tuned, it might fail to turn on, or its ignition might suddenly shut down. A few studies have improved the signal intensity of the target element by introducing Ar-N2 into the nebulizer gas. 12, 16, 23, 25 Introducing the gas mixture via the nebulizer gas instead of the outer gas eases the mechanical handling, 16 but is ineffective for many ions. The present study shows that mixed Ar-N2 gas can improve the Sr sensitivity when desolvated by an ultrasonic nebulizer (USN). The sensitivity is higher in this system than in pure Ar with USN. To quantify ultra-trace radioactive 90 Sr, we applied mixed gases and USN (the nebulizer gas) to an online SPE-ICPMS. In the present study, we investigated the mixed-gas effect in strontium quantification, and measured the 90 Sr levels in radioactive-contaminated environmental water in the Fukushima Daiichi Nuclear Power Station (Tokyo Electric Power Company).
Experimental

Instruments
To evaluate the ultrasonic mist generation assist N2-Ar mix gas effect, stable isotope Sr and radioactive 90 Sr were measured by online SPE coupled to ICPMS, as published previously. 5 This system consists of the combination of three separation filed: (1) online column separation (Sr resin), (2) a dynamic reaction with O2 in ICPMS and (3) a quadrupole mass spectrometer, as well as it is online automatic sequential analyzer. For the characteristic different three separation-stages, this system can quantify 90 Sr without any interference of isobar, such as 90 Zr in low concentration levels. The NexION 300S ICPMS instrument (PerkinElmer, Inc., Shelton, CT, USA) and the reaction gas of ultrapure O2 (>99.99995%) were used in a dynamic reaction cell (DRC). The ICPMS was equipped with several SPE-ICPMS implements, as explained in a previous report. 5 Here the DRC was pre-installed in an ICP quadrupole mass-spectrometer (ICP-QMS) purchased from PerkinElmer, although several types of ICP-QMS with collision-reaction cells are available from various sources. The ICPMS was fitted with a U5000AT Ultrasonic Nebulizer (USN; CETAC, Omaha, NE, USA) and a FIAS 400 peristaltic pump for 8-channel flow (equipped with double 4-way switching valves to permit automatic routing). The strontium was trapped in a column filled with Sr-specific resin (Eichrom Technologies LLC, Lisle, IL, USA). Samples were injected by an S10 Autosampler (PerkinElmer). All ICP and mass spectrometric experimental conditions are described in Takagai et al. 5 The strontium resin was sourced from Eichrom Sr resin. A special column for the resin was prepared as described in Furukawa et al. 27 The experimental procedure is also detailed in Furukawa et al.'s report. 27 
Methods
The activating nebulizer gases, ultrapure Ar (>99.999%) and N2 (>99.9995%), were introduced and merged in a standard T-connector before entering the USN (i.e., after the column). The mixture was then led into the nebulizer gas line in the ICPMS system (see Fig. 1 ).
The ICPMS measurement conditions and the preparation of solutions are given in Table 1 .
Reagents
The working solutions (20% HNO3) and all injected samples (dissolved in 20% HNO3) were prepared by appropriate serial dilution of the metal ion solutions in water or ultrapure nitric acid. The radioactive 90 Sr stock solution (51.7 kBq/g) was obtained from DAMRI (Direction Des Technologies Avancees, France) and was serially diluted to the appropriate concentration in water or ultrapure nitric acid (20% HNO3 sol). The concentration was decided from the radioactive decay of 90 Sr (half-life = 28.79 y). For this purpose, the mass concentration of the nuclide (pg/L; ppq) was converted to the following radioactivity concentration (Bq/L): 
Analysis of real samples
The real sample water was collected from Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power Co., Inc (TEPCO) with special permission. Specifically, the rainwater (puddle) was collected within the dike of the contaminated-water storage tank. The 90 Sr concentration was measured by the proposed method, which was compared with the data obtained by beta-ray spectrometric nuclide analysis (pico-beta). 28 The sample was measured without any filtrations.
In the determination of the concentration 90 Sr, the basic methodology, online preconcent ration-ICPMS earlier publication 5, 27 was used with the proposed mix gas effect. Fig. 1 Introduction of mixed Ar-N2 gas (nebulizer gas) into the ICPMS through the USN. The sample solution was injected into the analytical system, and the contained strontium nuclides were preconcentrated and isolated on the Sr-selective online SPE column. The concentrated strontium nuclides were then automatically eluted from the SPE column using a valve switch, which released them into the USN. In the USN, the eluted strontium nuclides were nebulized in a volume-controlled mixture of Ar and N2 gases. Finally, the strontium nuclides were desolvated and carried into a plasma torch with the nebulizing gas (the Ar-N2 mixture).
Results and Discussion
Effect of mixed Ar-N2 gas on Sr measurements
In the conventional ICPMS measurement of Sr (which employs a standard concentric nebulizer), the mixed Ar-N2 nebulizer gas failed to enhance the Sr signal (signal intensity ratio = 1.0; Int. 4436 cps (pure Ar) → 4632 cps (Ar-N2)). The same result has been reported. 22 This indicates that Sr is inert to Ar-N2 mixed gas.
Although USN is the usual means of enhancing the signal intensity, it only slightly raises the signal intensity of Sr (signal intensity ratio = 1.5; Int. 4436 cps (pure Ar through a standard concentric nebulizer) → 6558 cps (pure Ar through USN)). In contrast, combining USN with mixed Ar-N2 gas effectively enhanced the Sr signal (signal intensity ratio = 3.7; Int. 6558 cps (Ar gas through USN) → 24812 cps (Ar-N2 gases through USN)). Therefore, the signal intensity of the inert elements is enhanced by drying the mixed gases. Similarly, a previous paper 29 reported an enhancement of the Sr signals in a gas mixture dried by electrothermal vaporization. We attribute this enhancement to the introduction of dehydrated Sr (the sample) into the plasma.
Selection of mixed gas and the volume-ratio effect of mixed Ar-N2 gas on the Sr measurement
In this experiment, the two gases (N2 and He) were individually injected into the Ar nebulizer gas. The Sr signal intensity is plotted against the proportion of added gas in Fig. 2 . Zeropercent additive gas corresponds to pure Ar. The relative Sr intensity increased with increasing additive gas volume, and the enhancement degree was much higher in additional N2 than in additional He. Although other gases are potentially available, Ar-H2 and Ar-O2 were avoided because they produce flammable or corrosive gases. 16 Signal enrichment in additive N2 has been attributed to the high thermal conductivity of N2 (32 times that of pure Ar). 9, 10, 17, 26 As shown in Fig. 2 , the signal was maximally enhanced by only 1% N2 in the nebulizer gas. This value (1%) is lower than the optimum volume required in outer gas additions (5%). 26 
Oxidant production in Ar-N2 gas and its influence on the Sr measurement
Similar to the Sr signal intensity, the oxide signal intensity increased with increasing the N2 flow rate (here, the Ar flow was maintained constant). The results for CeO/Ce (a typical oxide) are shown in Fig. 3 . The signal intensity varied in a way similar to the Sr intensity (plotted on the same graph for a comparison), although the intensity gap between the two curves gradually widened as the N2 flow rate increased. The increased CeO/Ce production reflects the lower plasma temperature than in the original pure Ar. The ionization potential of Sr (5.70 eV) is below that of transition metals, reducing the temperature of Sr ionization. 22 Meanwhile, the N2 in the plasma prevents oxide formation during ion extraction, and/or assists the decomposition of oxide. 22 This phenomenon explains the gap expansion between the two signals as the N2 flow rate increases. The decreased intensity of CeO/Ce at higher N2 flows (> 0.02 L/min) is attributed to the decreased ionization degree; instead, the temperature is increased with Ar-N2 mixture.
14,30 Impact of Ar gas (nebulizer gas) flow rate on the Sr intensity and oxide production Figure 4 shows the impact of the Ar flow rate on the Sr signal intensity in the presence and absence of N2. At lower Ar flow rates (0.80 -0.94 L/min), the gap between the Sr and CeO/Ce signal intensities is remarkably enhanced. Therefore, the Ar-N2 mixed gas flow facilitates the sample introduction.
In previous studies, 11, 21, 22, 26 introducing N2 into the outer gas line was considered to reduce the plasma size (diameter, length, volume) through the thermal pinch effect. 9, 17 Accordingly, when N2 flowed from outside the plasma, the induction region shrank and the cross-sectional diameter of the axial channel reduced with increasing N2 content. 18, 31 In the present results, the N2 increased the input sample volume, and the mixed-gas flow punched a hole through the pure Ar plasma. The plasma visually expanded during this process. In both the absence and presence of N2, the CeO/Ce production increased proportionally to the Ar flow rate (Fig. 4) . The ratio between the Sr and CeO/Ce signals was larger in mixed Ar-N2 than in pure Ar gas.
Typically, the oxide ions-to-analyte ratios should be maintained below 3% with increasing analyte signal. 26 Under this condition, the maximum intensity ratio is 3. Introducing N2 into the outer gas reportedly affects the concentrations of the elements. 11, 17, 19, 22, 24, 29 However, the effect of mixed Ar-N2 in the nebulizer has been rarely reported in ICPMS analysis. 32 
Signal enrichment factors in mixed Ar-N2 gas dried by an ultrasonic nebulizer (effects on 63 elements)
The effects of dried Ar-N2 gas on 63 elements are shown in Fig. 5 . These values were obtained by flow-injection (i.e., no column) USN-ICPMS with Ar-N2. The signal enrichment ratio was calculated from the intensity ratio between the signals obtained in mixed Ar-N2 gas through USN and in pure Ar through USN. The observed trend is similar to those in previous reports, in which N2 was introduced to the outer gas line. 22 For instance, the signals of several elements with high metal-oxide band energies, such as Zr and Y, are easily enhanced even when the gas is input from the outer line. 22 A special resin in the online SPE selectively isolates the target metal ions. In this study, the radioactive 90 Sr nuclides were also automatically separated from their isobars (e.g., 90 Zr, 90 Y, and 74 Ge 16 O), yielding only mononuclides of 90 Sr. 5 
Analytical merit of the proposed method in Sr determination by SPE-ICPMS
To our knowledge, the application of ICPMS to online SPE or radioactive materials has not been previously reported. Figure 6 shows the effect of the mixed gas and USN on the chromatographic peaks of online SPE-ICPMS. In the presence of mixed Ar-N2 gas, the detection limit (DL, 3σ) was 0.06 pg/L (equivalent to a radioactivity concentration of 0.3 Bq/L). The DL was 3.7-times lower than in the absence of Ar-N2. 5 In addition, the relative standard deviations (RSDs) in the 100-ppt Sr measurement (n = 5) were improved (reduced) as the N2 addition increased from 14 to 3%.
In actual detected peaks in this study, peak tailing originated from 88 Sr on m/z = 90 was not confirmed to be at least 2 × 10 -8 of the relative abundance sensitivity ( 90 Sr/ 88 Sr) of the ICP-MS. In addition, other literature concerning the use of ICP-MS reported that the abundance sensitivity on the ICP-MS with DRC was found to be less than 10 -10 33 or 2 × 10 -9 . 34 Application to a radioactively contaminated environmental sample Contaminated water originating from Fukushima Daiichi Nuclear Power Station, Tokyo Electric Power Co., Inc (TEPCO) was measured with special permission, and its 90 Sr levels were measured by the proposed method, as shown in Fig. 7 . The concentration of this solution was including uncertainty, because of real environmental sample. The detected peak area (n = 10) was 621 (integrated cps) and the background was 18 (integrated cps) in 2.06 Bq/L. The peak and background were obviously separated in the 2 Bq/L level. The result (2.06 Bq/L, equivalent to 0.40 ppq), well corresponds to the radiometric result (2.05 Bq/L) obtained by beta-ray spectrometry after 90 Sr chemical isolation. The concordance rate was 100.4%.
Conclusions
We developed a new simple technique that enriches the Sr signals in online SPE-ICPMS. Enrichment is achieved by injecting mixed Ar-N2 gas into the nebulizing carrier. The signal needs no further enhancement by a mechanical improvement or complicated derivatization. Although the mixed-gas effect had been studied previously, it has proven insufficient for Sr. In the present study, the mixed Ar-N2 gas (injected into the nebulizer gas) was dried through an ultrasonic nebulizer. This enhancement technique detected and quantified radioactive strontium ( 90 Sr) at levels of several Bq/L (below 1 ppq) in a real environmental sample. The proposed online SPE-ICPMS method provided a rapid analysis of 90 Sr, and is also applicable to other trace metal ions.
